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CRISPR-guided DNA polymerases enable
diversification of all nucleotides in a tunable window

Shakked O. Halperin>23, Connor J. Tou!, Eric B. Wong!, Cyrus Modavi?, David V. Schaffer!->4>%* & John E. Dueber"37*

The capacity to diversify genetic codes advances our ability to
understand and engineer biological systems!2. A method for
continuously diversifying user-defined regions of a genome would
enable forward genetic approaches in systems that are not amenable
to efficient homology-directed oligonucleotide integration. It
would also facilitate the rapid evolution of biotechnologically
useful phenotypes through accelerated and parallelized rounds of
mutagenesis and selection, as well as cell-lineage tracking through
barcode mutagenesis. Here we present EvolvR, a system that can
continuously diversify all nucleotides within a tunable window
length at user-defined loci. This is achieved by directly generating
mutations using engineered DNA polymerases targeted to loci via
CRISPR-guided nickases. We identified nickase and polymerase
variants that offer a range of targeted mutation rates that are up to
7,770,000-fold greater than rates seen in wild-type cells, and editing
windows with lengths of up to 350 nucleotides. We used EvolvR to
identify novel ribosomal mutations that confer resistance to the
antibiotic spectinomycin. Our results demonstrate that CRISPR-
guided DNA polymerases enable multiplexed and continuous
diversification of user-defined genomic loci, which will be useful
for a broad range of basic and biotechnological applications.

Natural biological systems evolve astounding functionality by sam-
pling immense genetic diversity under selective pressures. Forward
genetics emulates this process to help us understand naturally evolved
biological phenomena and to direct the evolution of biotechnologically
useful material by applying an artificial selection pressure or screen to
libraries of genetic variants. New forward genetic approaches would be
enabled by a targeted mutator capable of continuously diversifying all
nucleotides within user-defined regions of a genome. However, previous
targeted continuous-diversification techniques are confined to either
evolving specific loci within particular cells under stringent culture
conditions*® or mutating particular types of nucleotides in a narrow,
user-defined window*® (Extended Data Fig. 1). Conversely, current
techniques capable of diversifying all nucleotides within user-defined
loci remain discrete owing to their requirement for efficient integration
of oligonucleotide libraries at the target site®’. Therefore, no method
currently exists to continuously diversify all nucleotides within user-
defined regions of a genome (Extended Data Table 1).

DNA polymerases have the capacity to create all 12 substitutions,
as well as deletions®®. These enzymes vary in processivity (average
number of nucleotides incorporated after each binding event), fidelity
(misincorporation rate) and substitution bias (nucleotide bias during
misincorporation). In particular, nick-translating DNA polymerases
are able to initiate synthesis from a single-stranded break in dou-
ble-stranded DNA while displacing the downstream nucleotides, and
their flap endonuclease domain subsequently degrades the displaced
nucleotides, leaving a ligatable nick. We hypothesized that recruiting an
error-prone, nick-translating DNA polymerase with a nicking variant
of Cas9'? (nCas9) could offer an ideal targeted mutagenesis tool that is

independent of homology-directed repair, and which we term EvolvR
(Fig. 1a). The specificity of the polymerase initiation site created by the
nCas9 specifies the start site of the editing window, and the mutagenesis
window length, mutation rate and substitution bias are controlled by
the processivity, fidelity and misincorporation bias of the polymerase
variant, respectively.

In the initial design, nCas9 (Streptococcus pyogenes Cas9 containing
a D10A mutation) was fused to the N terminus of a fidelity-reduced
variant of Escherichia coli DNA polymerase I (PolI) harbouring the
mutations D424A, I709N and A759R (PolI3M)>. A plasmid (pEvolvR)
expressing the nCas9-PolI3M and a guide RNA (gRNA) in E. coli
was tested for its ability to mutate a second plasmid targeted by the
gRNA over 24 h of propagation. High-throughput targeted amplicon
sequencing revealed that the target plasmid accrued substitutions in
an approximately 17-nucleotide window 3’ of the nick site (Fig. 1b),
consistent with the established 15-20 nucleotide processivity of PolI'!.
Although the sequencing results are probably under-sampling the total
diversity generated, we observed substitutions of all four nucleotide
types (Fig. 1¢). The presence of low-frequency substitutions 5’ of the
nick site may be due to endogenous 3’-to-5’ exonucleases removing
a few nucleotides 5’ of the nick prior to the polymerase initiating
synthesis. Controls expressing an unfused nCas9 and PolI3M with the
on-target guide only yielded one low-frequency substitution, whereas
expressing nCas9-PolI3M with an off-target guide, as well as expressing
nCas9 alone, did not yield any substitutions at a frequency above our
detection threshold.

To sensitively quantify the mutation rate and mutagenesis window
length of EvolvR variants, we designed a fluctuation analysis'?. For
this assay, the pEvolvR plasmid was co-transformed into E. coli with a
plasmid (pTarget) containing the aadA spectinomycin resistance gene
disabled by a nonsense mutation (Fig. 1d). After 16 h of growth, the
cultures were plated on spectinomycin and the mutation rates were
determined from the number of resistant colony-forming units (CFUs).
As shown in Fig. le, fluctuation analysis estimated the mutation rate
of wild-type E. coli to be approximately 10~1° mutations per nucleo-
tide per generation, similar to previously reported values'®. The global
mutation rate (the mutation rate of the untargeted genome in cells
expressing EvolvR) was determined by measuring the spectinomy-
cin-resistance reversion rate of cells carrying a gRNA targeting dbpA,
afitness-neutral RNA helicase gene in the E. coli genome'*, whereas the
targeted mutation rate was determined with a gRNA nicking 11 nucleo-
tides 5’ of the nonsense mutation in pTarget. Expressing nCas9-PolI3M
markedly increased the mutation rate at the targeted locus 24,500-fold
over the wild type while increasing the global mutation rate 120-fold
over the wild type (Fig. 1e), a global mutation rate comparable to that
of previous targeted mutagenesis techniques in E. coli*S. By com-
parison, expressing nCas9 and PolI3M as separate proteins, PolI3M
alone, nCas9 alone or a catalytically inactive Cas9 (dCas9) fused to
PolI3M, showed significantly lower targeted mutation rates (P < 0.0001;
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Fig. 1 | EvolvR enables targeted mutagenesis. a, The EvolvR system
consists of a CRISPR-guided nickase that nicks the target locus and a
fused DNA polymerase that performs error-prone nick translation.

b, High-throughput sequencing shows that fusing nCas9 to PolI3M
resulted in substitutions across an approximately 17-nucleotide window
3’ from the nick. Expressing nCas9-PolI3M with an off-target guide
did not show substitutions at a frequency above our detection threshold
(dotted line, see Methods ‘High-throughput sequencing data analysis’),
whereas an unfused nCas9 and PolI3M yielded only one substitution
and at low-frequency. ¢, Distribution of the substituted nucleotides; all
four nucleotides were substituted by nCas9-PolI3M. d, Schematic of the

two-sided student’s t-test). These results suggest that both PolI3M and
the nick created by nCas9 are essential for EvolvR-mediated mutagene-
sis. Expressing nCas9 and PolI3M as separate proteins or PolI3M alone
showed a 98-fold or 554-fold increase in global mutation rates com-
pared to wild-type E. coli, respectively. Finally, by replacing the D10A
nCas9—which nicks the strand complementary to the gRNA—with
the H840A nickase, which nicks the strand non-complementary to the
gRNA, we found that the direction of EvolvR-mediated mutagenesis
relative to the target site of the gRNA is dependent on which strand is
nicked (Extended Data Fig. 2).

We hypothesized that the targeted mutation rate could be further
increased by promoting the dissociation of nCas9 from DNA after
nicking the target locus. Therefore, three mutations (K848A, K1003A,
R1060A) that have previously been suggested to lower the non-
specific DNA affinity of Cas9'® were introduced into the fused nCas9. The
resulting enhanced nCas9 (enCas9) fused to PolI3M increased the global
mutation rate 223-fold compared to wild-type cells (1.9-fold greater than
nCas9-PolI3M), yet elevated the mutation rate at the targeted locus by
212,000-fold (8.7-fold greater than nCas9-PolI3M) (Fig. 2a).

PolI3M was initially chosen because it was the most error-prone vari-
ant of Poll previously characterized. However, the modularity of EvolvR
enables tuning of the mutation rate by using polymerases with different
fidelities. First, we confirmed that the fidelity of the polymerase deter-
mines mutation rates by comparing enCas9 fused to Poll variants, in
decreasing order of fidelity: Poll1M (D424A), PolI2M (D424A, I709N),
and PolI3M (D424A, I709N, A759R) (Fig. 2b). Next, to further increase
the targeted mutation rate of EvolvR, we screened several additional
mutations previously shown to individually decrease wild-type Poll
fidelity>'®!” (Fig. 3c). Although several of the additional mutations
yielded low-activity variants, PolI3M with the additional mutations
F742Y and P796H (PolI5M) displayed a mutation rate one nucleo-
tide from the nick that was 7,770,000-fold higher than wild-type cells,
and 33-fold higher than PolI3M, making it the most error-prone Poll
mutant ever reported. Notably, enCas9-PolI5M did not exhibit either
a higher global rate of mutagenesis than enCas9-PolI3M or higher

fluctuation analysis workflow used to sensitively quantify targeted and
global mutation rates. e, The global and targeted mutation rates of wild-
type (WT) E. coli, nCas9-PolI3M, unfused nCas9 and PolI3M, PolI3M
alone, and nCas9 alone were determined by fluctuation analysis. For all
figures, ‘on target’ mutation rates were determined by expressing a gRNA
that nicks 11 nucleotides 5’ of the nonsense mutation unless labelled
otherwise, whereas the ‘off target’ mutation rates were determined by
expressing a gRNA targeting dbpA, a fitness-neutral RNA helicase gene
in the E. coli genome. Data are the mean of ten biologically independent
samples and the error bars indicate 95% confidence intervals. Mutation
rates throughout are mutations per nucleotide per generation.

mutation rates than enCas9-PolI3M 11 nucleotides from the nick
(Extended Data Fig. 3).

A more processive DNA polymerase could potentially increase the
length of the editing window, so PolI5M was exchanged for the more
processive bacteriophage Phi29 DNA polymerase (Phi29). Expression of
Phi29 variants with previously reported fidelity-reducing and thermo-
stabilizing mutations in combination with the Phi29 single-stranded
binding protein showed targeted mutagenesis 56 and 347 nucleotides
from the nick site (Extended Data Fig. 4). However, the mutation rate
at these distances was not nearly as high as that achieved with Pol[3M
at shorter distances.

An alternative method to increase the length of the editing window
and retain high mutation rates would be to increase the processivity of
Poll. Previous work has shown that inserting the thioredoxin-binding
domain (TBD) of bacteriophage T7 DNA polymerase into the thumb
domain of Poll increases the processivity of the polymerase in the pres-
ence of thioredoxin from E. coli'®. Figure 2d shows that whereas the
original enCas9-PolI3M did not show a difference between global and
targeted mutation rates 56 nucleotides from the nick, incorporation of
the TBD into the PolI3M EvolvR gene (enCas9-PolI3M-TBD) pro-
duced a 555-fold increase over the global mutation rate at this range.
Leveraging this increased editing window length, we targeted enCas9-
PolI3M-TBD to a plasmid (pTarget2) containing two nonsense muta-
tions (11 and 37 nucleotides from the nick) in the antibiotic-resistance
gene, and thereby showed the ability of EvolvR to generate combina-
tions of multiple mutations with a single gRNA (Fig. 2e).

We hypothesized that unintended translation products consisting of
functional DNA polymerase not fused to a functional CRISPR-guided
protein contributed to undesirable off-target mutagenesis. Therefore,
we codon-optimized the EvolvR coding sequence (enCas9-PolI3M-
TBD-CO) to remove three strong internal ribosome binding sites iden-
tified using the RBS Calculator!®, We found that the off-target mutation
rate decreased 4.14-fold when expressing enCas9-PolI3M-TBD-CO
compared to enCas9-PolI3M-TBD while the on-target mutation rate
only decreased 1.23-fold (Extended Data Fig. 5).
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Fig. 2 | EvolvR provides tunable mutation rates and mutagenesis-
window lengths, combinatorial mutations, multiplexed targeting and
continuous diversification of genomic loci. a, Introducing mutations
suggested to lower non-specific DNA affinity into the fused nCas9
(producing enCas9)"® increased the global mutation rate 223-fold
compared to the wild-type mutation rate (enCas9-PolI3M 1.9-fold
greater than nCas9-PolI3M), and increased the targeted mutation rate
by 212,038-fold over the wild type (enCas9-PolI3M 8.7-fold greater than
nCas9-PolI3M). b, Mutagenesis rates were dependent on the fidelity of
the polymerase. Poll with a D424A mutation (PolI1M) was less mutagenic
than Poll with both D424A and 1709N mutations (PolI2M), and PolI3M
(D424A, I1709N, A759R) was the most mutagenic. ¢, Screening mutations
in PolI3M previously shown to decrease wild-type Poll fidelity revealed
that PolI3M with additional mutations F742Y and P796H (PolI5M)

had a mutation rate 7,770,000-fold greater than wild-type cells one
nucleotide from the nick. d, The editing-window length was increased
by incorporating TBD into PolI3M. enCas9-PolI3M-TBD provided a
targeted mutation rate 56 nucleotides from the nick that was 555-fold
above the global mutation rate, whereas enCas9-PolI3M showed no
targeted mutagenesis 56 nucleotides from the nick. e, enCas9-PolI3M-

The ability to couple EvolvR-mediated mutagenesis to a genetic
screen of a non-selectable phenotype would considerably broaden the
utility of EvolvR. We found that after targeting EvolvR to a plasmid
containing a green fluorescent protein (GFP) cassette with an early
termination codon, 0.06% and 0.07% of the population expressed GFP,
whereas no cells expressed GFP when an off-target gRNA was used
(Extended Data Fig. 6). Importantly, EvolvR also showed the capacity to
diversify chromosomal loci by increasing the fraction of the population
resistant to spectinomycin approximately 16,000-fold after targeting
enCas9-PolI3M to the endogenous ribosomal protein subunit 5 gene of
E. coli (rpsE), which has mutations that are known to confer resistance
to spectinomycin® (Fig. 2f).

Next, we tested whether EvolvR avoids the toxicity associated with
non-targeted mutagenesis systems*!. We found that, unlike two pre-
viously developed non-targeted continuous-mutagenesis systems,
EvolvR does not impede cell viability or growth rate (Extended Data
Fig. 7a, b). Additionally, targeting EvolvR to the rpsE gene evolved more
spectinomycin-resistant CFUs per ml compared to these previous
non-targeted mutagenesis systems (Extended Data Fig. 7¢). Finally,
targeting EvolvR to a GFP cassette containing a nonsense mutation
resulted in 28 times more GFP-positive cells than when using the most
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TBD targeted to a plasmid containing two nonsense mutations in the
spectinomycin resistance gene (pTarget2) showed that EvolvR is able

to generate combinations of multiple mutations. f, enCas9-PolI3M
targeted to E. coli rpsE generated approximately 16,000-fold more
spectinomycin-resistant CFUs (SpecR CFUs) than when targeted to

the dbpA locus. g, enCas9-PolI3M-TBD targeted to rpsL increased the
rate of acquiring streptomycin resistance without increasing the rate of
acquiring spectinomycin resistance. Coexpression of both rpsL and rpsE
gRNAs increased both spectinomycin and streptomycin resistant CFUs.

h, Cultures expressing enCas9-PolI3M-TBD and either the rpsL gRNA or
both rpsE and rpsL gRNAs grew in streptomycin-supplemented medium,
whereas cultures expressing an off-target gRNA or the rpsE gRNA did not.
After back-dilution into spectinomycin- and streptomycin-supplemented
media, only cultures expressing both rpsE and rpsL gRNAs grew. Mutation
rate data are mean & 95% confidence intervals from ten biologically
independent samples. Resistant CFUs/viable CFUs data are mean +s.d.
from ten biologically independent samples. *P < 0.05; two-sided student’s
t-test. In h, the shaded region of ODggg nm indicates mean + s.d. from three
biologically independent samples.

recently developed non-targeted continuous mutagenesis technique
(Extended Data Fig. 8).

EvolvR could enable simultaneous diversification of distant genomic
loci through coexpression of multiple gRNAs. Expression of a gRNA
targeting enCas9-PolI3M-TBD to rpsL, a ribosomal protein subunit
gene capable of acquiring mutations that confer streptomycin resist-
ance??, increased the rate of acquiring streptomycin resistance com-
pared to wild-type cells, without altering sensitivity to spectinomycin
(Fig. 2g). By comparison, coexpression of the gRNAs targeting rpsE
and rpsL generated approximately the same number of respective
spectinomycin- and streptomycin-resistant CFUs as observed for indi-
vidual expression of the rpsE gRNA (P=0.0752; two-sided Student’s
t-test) and rpsL gRNA (P =0.885; two-sided Student’s ¢-test). This
capacity to simultaneously diversify multiple loci will be useful for iden-
tifying epistatic interactions. We also note that the expression of two
gRNAs that nick separate strands at genomic loci separated by 100 bp
was lethal, whereas nicking the same strand at this 100-bp distance was
not lethal. Therefore, if multiple gRNAs are to be used to increase the
length of the target region, we recommend targeting the same strand.

To evolve resistance to both spectinomycin and streptomycin, we
used the continuous diversity generation of EvolvR for continuous

© 2018 Springer Nature Limited. All rights reserved.
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Fig. 3 | EvolvR identified novel mutations to the E. coli rpsE gene that
confer spectinomycin resistance. a, Spectinomycin inhibits protein
synthesis through interactions with the 30S ribosome. b, enCas9-PolI3M-
TBD targeted to different parts of the endogenous rpsE gene with five
gRNAs showed higher rates of spectinomycin (spec) resistance than
targeting dbpA (off-target). Data are mean = s.d. from three biologically
independent samples. ¢, After selection, high-throughput sequencing of
the resistant cells containing gRNAs A, B and C revealed that all 12 types
of substitutions as well as deletions were generated. d, Left, five mutations
not previously described as conferring spectinomycin resistance were
regenerated in a new strain of E. coli (RE1000). Right, growth curves in
varying concentrations of spectinomycin confirmed that the mutations
provide spectinomycin resistance. Shaded area represents mean =+ s.d. from
three biologically independent samples.

directed evolution (in which mutagenesis, selection and amplification
occur simultaneously) to allow adaptation to modulated selection
pressures with minimal researcher intervention. Cultures expressing
enCas9-PolI3M-TBD and either the rpsL gRNA or both rpsE and
rpsL gRNAs grew in liquid medium supplemented with streptomycin,
whereas cultures expressing an off-target gRNA or the rpsE gRNA did
not (Fig. 2h). After the cultures were diluted 1,000-fold into liquid
medium supplemented with both spectinomycin and streptomycin,
only cultures expressing both rpsE and rpsL gRNAs grew.

The clinical utility of spectinomycin as a broad-spectrum antibiotic
has motivated previous efforts to characterize genomic mutations
conferring spectinomycin resistance?’. We used the capacity of EvolvR
to diversify the genomic rpsE gene to identify novel mutations that con-
fer spectinomycin resistance by disrupting the spectinomycin-binding
pocket of the 30S ribosome (Fig. 3a). First, we targeted enCas9-
PolI3M-TBD to five dispersed loci in the endogenous rpsE gene using
gRNAs that nick after the 119th, 187th, 320th, 403rd or 492nd base pair
within the 504-bp rpsE coding sequence (Extended Data Fig. 9a). Then,
we challenged the cell populations for growth on agar plates supple-
mented with varying concentrations of spectinomycin and observed
that resistance was highest with the gRNAs targeted to the domain
of the ribosomal subunit protein that is proposed to interact with
spectinomycin (Fig. 3b). After selection, high-throughput sequencing
of the resistant cells containing gRNAs A, B and C revealed that all 12
types of substitutions, as well as deletions, were generated (Fig. 3c).
For functional analysis, we introduced five of the candidate mutations
not previously described as providing spectinomycin resistance into
a different strain of E. coli (RE1000) using oligonucleotide-mediated
recombination. Growth curves in varying concentrations of spectino-
mycin confirmed that each of the five mutations (A17-19; K23N, A24;
A24; A26; G27D) provided varying levels of spectinomycin resistance,
but reduced fitness in the absence of selection (Fig. 3d). On the basis of
these mutations, we hypothesized that mutations that move Lys26 rela-
tive to the spectinomycin-binding pocket confer resistance to spectino-
mycin by removing a hydrogen bond that stabilizes the interaction of
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spectinomycin with the ribosome. Therefore we tested an array of dele-
tions that we predicted would move Lys26 and discovered additional
novel mutations that confer spectinomycin resistance (Extended Data
Fig. 9b, c). This rapid method for discovering genotypes conferring
antibiotic resistance will be generally useful for improving the effective
use of antibiotics.

EvolvR offers the first example of continuous targeted diversifica-
tion of all nucleotides at user-defined loci, which will be useful for
evolving protein structure and function, mapping protein—protein and
protein—drug interactions, investigating the non-coding genome, engi-
neering industrially relevant microbes and tracking the lineage of cell
populations that cannot tolerate double-stranded breaks?*. As a guiding
principle for using this tool, our data suggest that 1 pl saturated E. coli
culture expressing enCas9-PolI3M-TBD for 16 h contains all single
substitutions in the 60-nucleotide window with more than tenfold cov-
erage. Future work towards adapting EvolvR for use in cells possessing
low transformation efficiency, as well as increasing the mutation rate
and window length of EvolvR mutagenesis, would enable new forward
genetic applications.

Online content

Any Methods, including any statements of data availability and Nature Research
reporting summaries, along with any additional references and Source Data files,
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0384-8.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Plasmid construction. All plasmids were constructed using a modular Golden
Gate strategy. pEvolvR consisted of EvolvR and gRNA expression cassettes, a
pBR322 origin of replication and a kanamycin resistance cassette. pTarget consisted
of a p15a origin of replication carrying both a functional trimethoprim resistance
cassette for selection and a disabled spectinomycin resistance gene (aadA) har-
bouring a L106X nonsense mutation. pTarget2 is identical to pTarget except that
the aadA gene now carried both Q98X and L106X mutations. The full plasmid
sequences are provided in Supplementary Table 1.

High-throughput sequencing of pTarget sample preparation. A pTarget and
pEvolvR plasmid were cotransformed into 50 pl chemically competent TG1
E. coli prepared by a TSS/KCM method. Cells were allowed to recover in the
TSS/LB solution for 1 h, before 4l transformation mix was inoculated into 2 ml
LB containing 25 ug/ml kanamycin and 15 pg/ml trimethoprim. The cultures were
grown for 24 h at 37 °C while shaking at 750 rpm. A 1.5-ml sample of each culture
was miniprepped using a Zippy Plasmid Prep kit (Zymo Research).

The oligonucleotides pTarget-F and pTarget-R were used to amplify the target
region in a 20-cycle PCR reaction using 100 ng miniprepped DNA as the template.
A second PCR reaction added Illumina sequencing adapters and indices to the pre-
vious PCR product over 10 thermocycles. A Qubit fluorimeter was used to quantify
the DNA before pooling samples. The sample pool was submitted to the University
of California, Berkeley Vincent J. Coates Genomics Sequencing Laboratory for
quality control and sequencing. Quality control consisted of fragment analysis
(Advanced Analytical) and concentration measurement of the sequenceable
fraction by quantitative PCR (Kapa Biosystems). The pooled sample was mixed
with Illumina PhiX sequencing control library at 10% molarity, diluted to 14 pM,
denatured, and run on an Illumina MiSeq using a 150-bp paired-end read MiSeq
Reagent Kit v2. Resulting basecall files where converted into demultiplexed fastq
format using Illumina bcl2fastq v.2.17.

High-throughput sequencing data analysis. Perfectly complementary paired
reads were filtered, and the five randomized nucleotides, amplification primer
sequences, and first and last five nucleotides were trimmed using a custom Python
script. Bwa and samtools were used to generate alignment files using the wild-type
aadA gene sequence as a reference. VarScan2 was used for variant calling with
the parameters: min-coverage 1; min-reads2 1; variants 1; min-var.-freq 0.0005;
p-value 0.99%. The limit of detection was determined by sequencing a culture
transformed with an empty vector as a control. The highest frequency variant was
0.04% so all substitutions with a frequency under 0.05% were discarded.
Fluctuation analysis assay. A 50-pl sample of chemically competent TG1 E. coli
were contransformed with pEvolvR and pTarget or pTarget2. After 1 h of recovery
at 37°C, 4l was inoculated into a 1.996 ml LB containing 25 jug/ml kanamycin and
15 pg/ml trimethoprim. After shaking at 37°C for 16 h, 1 ml and 1 pl culture were
plated on separate LB agar plates containing 50 pg/ml spectinomycin. For viable
CFU counting, 300 pl of 1:50,000,000 diluted culture was plated on LB agar plates.
After 24 h of incubation at 37 °C, spectinomycin-resistant CFUs and viable CFUs
were counted. Ten replicates were used for each condition.

Calculation of mutation rate and statistics. The Ma-Sandri-Sarkar Maximum
Likelihood Estimator was used to determine mutation rates as it is the most accu-
rate and valid for all mutation rates'2. Falcor was used to calculate the mutation
rates by inputing the viable and resistant CFU counts for the ten replicates®. A
two-tailed Student’s ¢-test was carried out to determine P values as previously
described?.

Fluorescence-activated cell sorting of EvolvR libraries. pEvolvR expressing either
an on- or off-target gRNA was contransformed with pTarget-GFP* and shaken at
37°C for 24 h. For each sample, the GFP positive fraction of a million events was
sorted with a Cell Sorter SH800 (Sony) using a 488-nm laser and a 525/50-nm
emission filter.

Continuous evolution of E. coli resistant to both spectinomycin and strepto-
mycin. pEvolvR expressing enCas9-PolI3M-TBD and either the off-target gRNA
(targeting dbpA), rpsL gRNA, rpsE gRNA or both rpsL and rpsE gRNAs was trans-
formed into TG1 E. coli as previously described. After recovering for one hour, 4l
of transformation mix was inoculated into 2 ml of LB supplemented with 25g/ml
kanamycin and cultures were propagated over 16 h at 37°C. For each culture 2 pl
of culture was re-inoculated into 198 ul of LB supplemented with 50 pg/ml of
streptomycin. A Tecan M1000 Pro spectrophotometer was used to measure the
optical density of each well over 12 h of growth at 37 °C. Each well was then diluted
1,000-fold into LB supplemented with 50 pg/ml of streptomycin and 25 pg/ml of
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spectinomycin and the optical density of 200 ul of culture was again measured
with a Tecan M1000 Pro spectrophotometer over 24 h of growth at 37°C. Three
biological replicates for each gRNA were characterized.

High-throughput sequencing of spectinomycin resistant E. coli. A pEvolvR plas-
mid expressing enCas9-PolI3M-TBD with rpsE gRNA A, B, C, D or E was trans-
formed into chemically competent TG1 E. coli. Cells were allowed to recover for 1 h
before innoculating 4 pl transformation mix into 1.996 ml LB supplemented with
25pg/ml kanamycin. The cultures were grown for 16 h at 37 °C while shaking. One
millilitre and one microlitre of each culture were plated on separate LB agar plates
containing 10, 100, or 1,000 pg/ml spectinomycin. Resistant CFUs were counted in
the same manner as the fluctuation assays. The colonies from each plate were then
pooled into separate cultures containing 2 ml of LB supplemented with 50 ug/ml
spectinomycin and grown for 16 h at 37 °C. Genomic DNA was purified using the
Wizard Genomic DNA Purification Kit (Promega). One hundred nanograms of
purified genome was then processed and sequenced in the same manner as already
described for the sequencing analysis of pTarget, with the one alteration that the
oligonucleotides rpsE-F and rpsE-R were used for the first round of PCR.
Oligonucleotide recombination. Re-introduction of rpsE mutations was per-
formed using RE1000 E. coli (MG1655 X\-Red::bioA/bioB ilvG+ pTet2:gam-bet-
exo-dam pN25:tetR dnaG.Q576A lacIQ1 Pcp8-araE AaraBAD pConst-araC Arec]
AxonA) developed for recombineering. Electro-competent cells were prepared
fresh from overnight cultures of bacteria. The saturated culture was back-diluted
1:70 into 5 ml LB with 100 ng/pl anhydrous tetracycline and shaken at 37 °C until
the optical density reached 0.5. Cultures were then transferred to an ice-water bath
and swirled for approximately 30 s before being chilled on ice for 10 min. Chilled
cultures were centrifuged at 9,800g for 1 min. The supernatant was aspirated and
the pellet was resuspended in 1 ml ice-chilled 10% glycerol. Washing with glycerol
was repeated twice. The final pellet was resuspended in 70 pl chilled 10% glycerol
for each transformation. 1 pg of oligonucleotide was electroporated into the cells.
The cells were recovered for 1 h at 37°Cin 1 ml LB and streaked out on LB agar
plates containing 50 ug/ml spectinomycin. Successful recombination was verified
by Sanger sequencing a PCR amplification of the genomic rpsE gene.
Characterization of spectinomycin resistance. Single colonies of sequence-veri-
fied rpsE mutants were grown overnight in LB media and then back-diluted 1:200
into LB containing 0, 100 or 1,000 ug/ml spectinomycin. A Tecan M1000 Pro spec-
trophotometer was used to measure the optical density of each well over 8 h of
growth at 37°C. Three biological replicates of each mutant at each spectinomycin
concentration were characterized.

Code availability. The code that support the findings of this study are available at
https://github.com/sohhx8/EvolvR.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability. The data that support the findings of this study are availa-
ble from the corresponding authors upon request. High-throughput sequenc-
ing data have been deposited as a NCBI BioProject under accession number
PRJNA472658. Plasmids encoding enCas9-PolI3M-TBD and enCas9-PolI5M
are available from Addgene (plasmids 113077 and 113078).
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Extended Data Fig. 1 | Bias of cytidine deaminase-mediated targeted cannot (red) be reached by mutating cytosines and guanines to any other
diversification. Previous tools enabling diversification of user-defined loci  base for each of the 64 codons, highlighting that only 32% of missense
by substituting cytosines and guanines limit the protein coding space that mutations are achievable with targeted cytidine deaminases. The white
can be explored*”. This chart shows which amino acids can (green) and area depicts the original amino acid identity.
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Extended Data Fig. 2 | The direction of EvolvR-mediated mutagenesis
relative to the gRNA is dependent on which strand is nicked. Our
previous fluctuation analysis in Fig. 1e demonstrated that nCas9(D10A)-
PolI3M mutates a window 3’ of the nick site. Here we directly tested
whether mutations are generated 5’ of the nick site using a different
gRNA. Because DNA polymerases synthesize in the 5’-to-3’ direction,

we anticipated that nCas9(D10A)-PolI3M would not provide an elevated
mutation rate 5’ of the nick site. We indeed found that expressing a guide
RNA which targeted nCas9(D10A)-PolI3M to nick 16 nucleotides 3’ from
the nonsense mutation (indicated by a red cross) did not show targeted
mutagenesis. We hypothesized that we could induce targeted mutagenesis
using the same gRNA by using a Cas9 variant harbouring the H840A
mutation, which nicks the DNA strand non-complementary to the gRNA,
rather than the D10A mutation, which nicks the strand complementary
to the gRNA. nCas9(H840A)-PolI3M increased the mutation rate 16
nucleotides 3’ from the nick by 52-fold compared to the global mutation
rate of cells expressing an off-target gRNA. We used the D10A nCas9
variant for all subsequent experiments. Data are mean 4= 95% confidence
intervals from ten biologically independent samples. *P < 0.0001; two-
sided Student’s t-test.
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Extended Data Fig. 3 | PolI5M elevates mutation rates 1 nucleotide, but
not 11 nucleotides, from the nick compared to PolI3M. PolI3M with
additional F742Y and P796H mutations (PolI5M) elevates the mutation
rate 33-fold 1 nucleotide from the nick compared to PolI3M. PolI5M did
not have a higher mutation rate than PolI3M 11 nucleotides from the
nick. Data are mean + 95% confidence intervals from ten biologically
independent samples. *P < 0.0001; two-sided Student’s ¢-test.
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Extended Data Fig. 4 | Fusing a highly processive DNA polymerase to the activity of Phi29 is known to decrease at temperatures above 30°C
enCas9 increases the target window length. Poll was exchanged for a and the fluctuation analysis was performed at 37 °C, we added mutations
more processive and higher-fidelity bacteriophage Phi29 DNA polymerase  previously reported to improve the thermostability of Phi29 (iPhi29) and
(Phi29). Owing to Phi29 not having a flap endonuclease, residues 1-325 observed a targeted mutation rate 347 nucleotides from the nick site that
of Poll were inserted between enCas9 and Phi29. Using gRNAs targeting was significantly greater than the global mutation rate®!. Unfortunately,
different distances from the nonsense mutation, we found that Phi29 with mutations decreasing Phi29’s fidelity are known to decrease its processivity
two previously reported fidelity-reducing mutations (N62D and L384R) explaining our inability to identify Phi29 variants that retain high
elevated the mutation rate 56 nucleotides from the nick compared to the processivity while offering as high of a mutation rate as Pol13M?%. Data
global mutation rate?®*. When we expressed Phi29’s single-stranded are mean & 95% confidence intervals from ten biologically independent
binding protein (ssb), which is known to improve the activity of Phi29, samples. *P < 0.0001; two-sided Student’s ¢-test.

we observed an elevation in the targeted mutation rate®. Finally, because
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Extended Data Fig. 5 | Removing internal ribosome binding sequences
decreases EvolvR-mediated off-target mutagenesis. enCas9-PolI3M-
TBD was codon optimized to remove strong ribosome binding sites in
the EvolvR coding sequence that were predicted to produce an untethered
DNA polymerase. The off-target mutation rate decreased 4.14-fold when
expressing enCas9-PolI3M-TBD-CO compared to enCas9-Pol[3M-TBD
(P=0.000482) whereas the on-target mutation rate only decreased 1.23-
fold. Data are mean =+ 95% confidence intervals from ten biologically
independent samples. *P < 0.0001; two-sided student’s ¢-test.
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Extended Data Fig. 6 | EvolvR-mediated mutagenesis can be coupled
with a non-selectable genetic screen. a, To test the capability for coupling
EvolvR-mediated mutagenesis with a non-selectable genetic screen,
we designed a target plasmid containing a GFP cassette with an early
termination codon in the GFP coding sequence (pTarget-GFP*). After
co-transforming pEvolvR with pTarget-GFP* and growing for 24 h,
we analysed and sorted the GFP-positive fraction. In the two replicates
expressing an off-target gRNA, we did not detect or sort any GFP cells. By
contrast, for the two replicates expressing a gRNA nicking four nucleotides

56 7 8

9 10

away from the chain-terminating mutation in the coding sequence of GFP,
we found that 0.06% and 0.07% of the total cells were GFP positive. These
results agree with sequencing outcomes from Fig. 1b, which showed that
expressing nCas9-PolI3M for 24 h produces substitutions in the target
region at frequencies between 0.5% to 1%. b, After culturing the sorted
populations, both replicates expressing an off-target gRNA did not show
growth, whereas both replicates expressing the on-target gRNA grew
bright green.
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Extended Data Fig. 7 | EvolvR enables targeted genome diversification
without affecting viability or growth rate. a, The viability of TG1 E. coli
expressing EvolvR targeted to the essential rpsE gene was significantly
higher than TG1 E. coli transformed with the MP6 plasmid and induced
with 25 mM arabinose and 25 mM glucose (a previously developed
plasmid for continuous non-targeted mutagenesis®?, P=0.0108) as well
as XL1-Red E. coli (a previously developed strain for continuous non-
targeted mutagenesis®, P=0.0105). Viability was measured relative

to TG1 E. coli transformed with an empty control plasmid. Data are
mean =+ s.d. from three biologically independent samples. *P < 0.05;
two-tailed t-test. b, TG1 E. coli transformed with an empty control

time (hours)

plasmid and TGl E. coli transformed with pEvolvR targeting the rpsE
gene resulted in similar growth curves whereas XL1-Red E. coli and

TG1 E. coli transformed with MP6 plasmid and induced with 25 mM
arabinose and 25 mM glucose grew much slower and saturated at lower
final optical densities. Shaded area represents mean =+ s.d. from three
biologically independent samples. ¢, The spectinomycin-resistant CFUs
per ml saturated culture of TG1 E. coli targeting EvolvR to the rpsE gene
was significantly higher than XL1-Red E. coli (P=0.022) and TG1 E. coli
transformed with MP6 plasmid and induced with 25 mM arabinose and
25 mM glucose (P=0.0049). Data are mean = s.d. from three biologically
independent samples. *P < 0.05; two-tailed ¢-test.
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Extended Data Fig. 8 | EvolvR-mediated mutagenesis performs better GFP coding sequence (pTarget-GFP*). The cultures expressing EvolvR
than a previous non-targeted diversification technique. To compare were grown for 24 h and the MP6 cultures followed a two day growth—
the performance of EvolvR and the previously developed non-targeted induction protocol as previously described. Flow cytometry revealed that

mutagenesis plasmid MP6 in screen-based directed evolution applications,  cultures expressing EvolvR and an on-target gRNA resulted in 28-fold
we co-transformed pEvolvR (enCas9-PolI3M-TBD) or MP6 with a target more GFP-positive cells than MP6 cultures.
plasmid containing a GFP cassette with an early termination codon in the
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Extended Data Fig. 9 | Locations of gRNA targets relative to the rpsE
gene and mutations in ribosomal protein S5 that confer spectinomycin
resistance. a, enCas9-PolI3M-TBD was targeted to five dispersed loci in
the endogenous rpsE gene using gRNAs that nick after the 119th, 187th,
320th, 403rd or 492nd base pair of the 504-bp rpsE coding sequence.
The locations of the previously identified rpsE mutations that provide
spectinomycin resistance are coloured orange, and the region where we
identified new spectinomycin-resistance mutations is highlighted in red.
b, The mutations that we discovered confer spectinomycin resistance
would be expected to move Lys26 (which is predicted to hydrogen

bond with spectinomycin) relative to the spectinomycin-binding

time (hours)

pocket. We hypothesized that mutations that move Lys26 relative to the
spectinomycin-binding pocket remove that hydrogen bond and destabilize
the interaction of spectinomycin with the ribosome, thereby conferring
spectinomycin resistance. ¢, Therefore, we tested whether deleting any
single amino acid between residues 16 and 35 confers spectinomycin
resistance. We found that deleting residues 23, 24, 25, 26, 27 or 28 provides
spectinomycin resistance whereas deleting any of the residues between

16 and 22 or 29 and 35 does not. These results support the hypothesis

that one mechanism of resistance to spectinomycin is disruption of the
interaction between Lys26 and spectinomycin. Data are mean =+ s.d. from
three biologically independent samples.
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When to use

Continuous whole genome evolution;
target is unknown

Continuous whole genome evolution of
any strain; target is unknown

Continuous plasmid evolution; target must
be located next to the origin of replication
of a specific plasmid

Continuous engineered phage genome
evolution; target must be inserted within
phage genome, and target activity must
be coupled to phage propagation

Generating rationally designed, discrete,
user-defined libraries of recombineering
strains

Continuous diversification of user-defined
genomic loci in any strain
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)
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Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection An online tool named Falcor was used to calculate mutation rates from colony counts.
Data analysis VarScan2.3.9 was used for variant calling. Python 2.7 was used for high throughput sequencing data analysis. Basecall files where
converted into demultiplexed fastqg format using Illumina's version 2.17 bcl2fastq.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding authors upon reasonable request. (accession codes will be made available
before publication)
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Field-specific reporting
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Sample size No sample size calculation was performed. Sample size for fluctuation analysis was chosen to be 10 because this produced extremely
significant differences between groups. Sample size for growth curve analysis was chosen to be 3.

Data exclusions  No data excluded

Replication All fluctuation analyses were first performed in triplicate. Then we repeated the experiments with n=10. All attempts at replication were
successful.

Randomization  Competent cells from the same preparation were randomly distributed between groups for all experiments.

Blinding A naive researcher counted colonies without knowing experimental conditions for fluctuation analysis

Materials & experimental systems

Policy information about availability of materials

n/a | Involved in the study
IXI Unique materials
|:| Antibodies

|:| Eukaryotic cell lines
|:| Research animals

XXX X []

|:| Human research participants

Unique materials

Obtaining unique materials  The unique materials (plasmids) that support the findings of this study are available from the corresponding authors upon
reasonable request.

Method-specific reporting

n/a | Involved in the study

IX’ D ChlP-seq
D IX’ Flow cytometry

IX’ D Magnetic resonance imaging

Flow Cytometry

Plots
Confirm that:
X, The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

D The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
IXI All plots are contour plots with outliers or pseudocolor plots.

IXI A numerical value for number of cells or percentage (with statistics) is provided.




Methodology

Sample preparation Cells were resuspended in PBS
Instrument Sony SH800
Software FlowCytometryTools

Cell population abundance  The purity was determined by plating the sorted fractions and confirming GFP was being expressed\

Gating strategy We used the bulk cell population

IXI Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

S
Q
)
c
=
®
—
)
(%)
@
aY)
=
(@)
o
—
®

©
o
=
>

Q@
(%2
C
3
Q
5

<




	CRISPR-guided DNA polymerases enable diversification of all nucleotides in a tunable window

	Online content

	Acknowledgements
	Fig. 1 EvolvR enables targeted mutagenesis.
	Fig. 2 EvolvR provides tunable mutation rates and mutagenesis-window lengths, combinatorial mutations, multiplexed targeting and continuous diversification of genomic loci.
	Fig. 3 EvolvR identified novel mutations to the E.
	Extended Data Fig. 1 Bias of cytidine deaminase-mediated targeted diversification.
	Extended Data Fig. 2 The direction of EvolvR-mediated mutagenesis relative to the gRNA is dependent on which strand is nicked.
	Extended Data Fig. 3 PolI5M elevates mutation rates 1 nucleotide, but not 11 nucleotides, from the nick compared to PolI3M.
	Extended Data Fig. 4 Fusing a highly processive DNA polymerase to enCas9 increases the target window length.
	Extended Data Fig. 5 Removing internal ribosome binding sequences decreases EvolvR-mediated off-target mutagenesis.
	Extended Data Fig. 6 EvolvR-mediated mutagenesis can be coupled with a non-selectable genetic screen.
	Extended Data Fig. 7 EvolvR enables targeted genome diversification without affecting viability or growth rate.
	Extended Data Fig. 8 EvolvR-mediated mutagenesis performs better than a previous non-targeted diversification technique.
	Extended Data Fig. 9 Locations of gRNA targets relative to the rpsE gene and mutations in ribosomal protein S5 that confer spectinomycin resistance.
	Extended Data Table 1 Comparison of E.




